The costs of predation may exert significant pressure on the mode of communication used by an animal, and many species balance the benefits of communication (e.g. mate attraction) against the potential risk of predation. Four groups of toothed whales have independently evolved narrowband high-frequency (NBHF) echolocation signals. These signals help NBHF species avoid predation through acoustic crypsis by echolocating and communicating at frequencies inaudible to predators such as mammal-eating killer whales. Heaviside's dolphins (Cephalorhynchus heavisidii) are thought to exclusively produce NBHF echolocation clicks with a centroid frequency around 125 kHz and little to no energy below 100 kHz. To test this, we recorded wild Heaviside's dolphins in a sheltered bay in Namibia. We demonstrate that Heaviside's dolphins produce a second type of click with lower frequency and broader bandwidth in a frequency range that is audible to killer whales. These clicks are used in burst-pulses and occasional click series but not foraging buzzes. We evaluate three different hypotheses and conclude that the most likely benefit of these clicks is to decrease transmission directivity and increase conspecific communication range. The expected increase in active space depends on background noise but ranges from 2.5 (Wenz Sea State 6) to 5 times (Wenz Sea State 1) the active space of NBHF signals. This dual click strategy therefore allows these social dolphins to maintain acoustic crypsis during navigation and foraging, and to selectively relax their crypsis to facilitate communication with conspecifics.
Introduction
Social animals inevitably need to balance effective communication with conspecifics against the costs associated with communication, including eavesdropping and potential detection by predators and prey [1] . Trade-offs to decrease predator detection often involve shifting communication to periods or locations with lowered predation risk [2] , but such acoustic avoidance can be costly if the social or ecological functions of communication are not fulfilled [3] . Alternatively, animals may use quiet, low-amplitude or high-frequency signals with short detection ranges for social interactions [4] , which can be difficult for predators to locate [5] .
In the aquatic environment, where light diminishes quickly, cetaceans (whales, dolphins and porpoises) rely on sound as the primary medium for orientation, foraging and communication [6] . In water, sound travels faster and attenuates less than in air [7] , increasing the necessity of balancing communication with the associated risk of distant eavesdroppers. Mammal-eating killer whales (Orcinus orca) have been shown to fall silent as they hunt so as however, group sizes tend to be slightly larger, with more socializing activity than described for other NBHF species [32] . Heaviside's dolphins have only been reported to produce NBHF clicks with little to no energy below 100 kHz, like other NBHF species [33] . Here we present evidence that Heaviside's dolphins produce lower-frequency broadband signals, despite residing in an area with killer whale predation risk. We show that burst-pulses are generally composed of these lower-frequency broadband signals, and thus present evidence of a NBHF species with a dual click type strategy. We discuss three possible theories to explain how the production of these lower-frequency broadband signals may help this species compensate for the socio-ecological trade-offs imposed by communicating with NBHF signals.
We use an acoustic model to show that a major advantage of communicating using lower-frequency clicks is that transmission directivity is lower and active space is larger over a wide range of noise levels, thus facilitating social interactions over a greater area.
Material and methods
Twenty-five hours of acoustic recordings of Heaviside's dolphins were collected in Shearwater Bay, Namibia (2268 37 0 S, 158 05 0 E), over 12 days during April and May 2016. Recordings were made by deploying two hydrophones (SoundTrap 300 HF; Ocean Instruments, New Zealand) mounted 1 m apart and suspended 1.5 m below an ocean kayak. Only data from a single hydrophone were analysed for this study. Sound was digitized at a sampling rate of 576 kHz with a 16-bit resolution (sensitivity: 2171 dB re 1 V mPa 21 , flat frequency response: 400 Hz-150 kHz + 3 dB). Behaviour and group size information were collected concurrently with sound recordings (see electronic supplementary material). A land-based observer team stationed at a vantage point (20 m elevation) monitored the presence of cetaceans within the bay.
(a) Acoustic data extraction
Recordings made within a visually estimated 50 m range of dolphins were selected for analysis. Acoustic signals produced by Heaviside's dolphins were identified through visual inspection of a spectrogram display in Adobe AUDITION CC (Adobe Systems Inc.). Heaviside's dolphin NBHF echolocation clicks have been previously described [33] , and only a subset were selected for analysis. We defined three functional groups of signals based on signal context and interclick intervals (ICI, calculated as the time between subsequent clicks [9] ). Click trains were defined as series of clicks with ICI exceeding 10 ms. Such click trains are likely to be echolocation signals produced by the animals. A subset of click trains were composed of lower-frequency, broader-bandwidth signals than previously described [33] , and we therefore divided click trains into NBHF click trains and broadband click trains by inspecting spectrograms (figure 1). Foraging buzzes are used during prey capture by echolocating animals [34, 35] , including NBHF species [36] . These were defined as click series with ICIs less than 10 ms, which were preceded by a slower click train. Since buzzes occurred at the end of a click train, we defined the start of a buzz as the point when the ICI first decreased below 10 ms and the end of the buzz as the point where the click train ended or where the ICI increased to greater than 10 ms. Finally, we defined burst-pulse signals as discrete, isolated series of high repetition rate clicks that began, persisted and generally ended with interclick intervals less than 10 ms following Lammers et al. [37] . Burst-pulses are commonly considered to have an intra-specific communicative function rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181178 [24, 37, 38] , including in NBHF species [21] . Only distinguishable, high-quality pulsed signals measuring more than 10 dB above the background noise measured immediately before the signal were selected for further analysis.
(b) Acoustic feature extraction
To quantify temporal differences in repetition rate across signals, we used a click detection algorithm developed in MATLAB 2013B (MathWorks, USA). We first filtered the input signal with a sixpole Butterworth bandpass filter , calculated the signal envelope, and extracted peaks in the envelope that were separated by more than 0.5 ms. Click detections were visually inspected and manually corrected for missed detections. To compare signals with highly variable numbers of clicks, we finally calculated the 5th, 50th and 95th percentile ICI across each click series.
To quantify temporal and spectral differences of component clicks, we extracted the highest amplitude click from each click series following the methods for on-axis click analysis [39, 40] . While these signals were recorded from an unknown aspect, the minute difference in the waveform and spectrum of NBHF clicks across varying off-axis angles [41] rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181178 power spectra were calculated with a 512-point 50% Tukey window centred on the peak envelope of each click. Spectral and temporal click parameters were calculated according to methods for measuring on-axis click parameters [9, 42] .
(c) Statistical analysis of signal discrimination
Signal parameters, including spectral and temporal click parameters as well as interclick intervals, were compared across signal categories using a non-parametric Kruskal -Wallis test and subsequent Dunn's post-hoc tests for pairwise comparisons in R v. 3.4.2 [43, 44] . We then used a random forest classifier [45] to measure prediction accuracy as a function of buzz and burstpulse signal categories using either ICI parameters (5th, 50th and 95th ICI percentiles for each click series), spectral and temporal individual click parameters, or all signal parameters combined to test the potential benefit of spectral differences in decreasing signal ambiguity. The random forest classifier was built in MATLAB 2017b using a 'bagged trees' ensemble classifier with 30 learners [45] . Prediction accuracy was measured using 5-fold cross-validation to prevent overfitting. To measure consistency in prediction accuracy, a classifier was trained 100 times and prediction accuracy measured for each iteration.
(d) Acoustical modelling of detection range
To test the potential benefit for communication, we modelled the detection range for typical NBHF clicks and for lower-frequency clicks extracted from burst-pulses. We first filtered the input signal with a six-pole Butterworth bandpass filter (10-150 kHz), and we used a piston model [46] to estimate changes in transmission beam and empirical measurements of hearing sensitivity of a harbour porpoise [47] to estimate changes in directional hearing. We modelled the detection range (m) for a noise-limited scenario with Wenz Sea State 2 noise levels, and we accounted for changes in transmission loss due to lower frequency-specific absorption. A separate sensitivity analysis was conducted across a 25 dB variation in windgenerated ambient noise (reflecting calm sea conditions to storms) and a 25 dB variation in signal source levels (reflecting the full distribution of on-axis source levels from Heaviside's dolphins [33] ) to examine how varying noise conditions and output levels affect the relative change in active space between the two signal types. The full model and sensitivity analysis are described in electronic supplementary material.
Results
Acoustic data were collected during recording sessions with Heaviside's dolphins during which foraging, resting, socializing, interacting with the kayak and travelling behaviours were observed. No other cetacean species were sighted visually or detected acoustically during recording sessions. A total of 90 broadband click trains, 706 buzzes and 954 burstpulses and a subset of 33 NBHF click trains were indexed from recordings made when Heaviside's dolphins were within 50 m of the kayak. Broadband click trains and burst-pulse signals were composed of clicks with lower frequency and broader bandwidth (figure 1) compared to typical NBHF signals (table 1) . Q-ratios (centroid frequency/RMS bandwidth) are an indicator of click type, and generally burst-pulse signals and broadband click trains had Q-ratios less than 5, whereas NBHF click trains and buzz signals had Q-ratios greater than 7 (table 1; electronic supplementary material, figure S1A) .
Initially, buzz and burst-pulse signals were visually differentiated by the presence or absence of a preceding click train as burst-pulses occur as isolated signals. The measured signal parameters confirmed there were significant differences in both ICI parameters and spectral parameters between these two signal types (figure 2; see electronic supplementary material for a full comparison of different signal types). Based on these findings, a random forest classification algorithm was implemented to evaluate importance of different parameters and test if discrimination of communication signals (burst-pulses) from feeding signals (buzzes) benefits rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181178 from spectral differences. The random forest classifier demonstrated that ICI parameters were most important for accurate classification of buzz and burst-pulse signal categories (figure 2c). Signal categories could be predicted with 97% accuracy using all available parameters (figure 2d). Classification accuracy decreased only marginally (95% prediction accuracy) when only interclick interval parameters were included in the model, whereas a larger drop in accuracy was seen when only spectral and temporal click parameters were included in the model (86% prediction accuracy).
The effect of signal type on beamwidth was two-fold: first, the sidelobes seen in NBHF signals were suppressed because of the broader bandwidth of burst-pulse signals; second, the transmission directivity was lower and consequently sound intensity away from the centre of the sound beam was higher (figure 3a). The detection range for NBHF clicks and burst-pulse signals was modelled for a typical 130 kHz NBHF signal and for a burst-pulse signal with a centroid frequency of 80 kHz. While detection range depends on the modelled noise levels as well as source and receiver geometry, the estimated detection range was consistently greater for burst-pulse signals at all estimated source and receiver angle combinations (figure 3b). The potential gain in active space depended on noise level but was relatively unaffected by large changes in sound source level (figure 3c). At windgenerated noise levels corresponding to Wenz Sea State 1 (approximately 4-6 knots of wind), the active space of a burst-pulse signal would be around five times greater than the active space of a NBHF click (figure 3c). At an estimated wind-generated noise level corresponding to Wenz Sea State 6 (approximately 28-47 knots of wind), the active space would be approximately 2.5 times greater than for a NBHF click (figure 3c).
Discussion
Members of the genus Cephalorhynchus are thought to have evolved the exclusive use of NBHF biosonar signals to become acoustically cryptic, thereby reducing predation risk by killer whales [15] . This has consequences for the evolution and function of communication signals within the genus, because acoustic communication is thought to be limited to taking place through click series [21, 28] . Here, we show that Heaviside's dolphins produce a second click type that is distinct from normal NBHF clicks by having a lowerfrequency content and broader bandwidth which circumvents some of the limitations of communicating with NBHF clicks. Heaviside's dolphins produce these lower-frequency broadband signals occasionally in the form of slow click trains but predominately in the form of burst-pulses, presumably used for communication [21, 24, 27, 28, 37, 38] .
Communication with burst-pulses is normally achieved using clicks that are nearly indistinguishable from echolocation clicks in delphinids [28, 37] and phocoenids [21, 48] , apart from low-frequency pulsed signals such as bottlenose dolphin (Tursiops sp.) pops [49] or jaw claps [50] . However, in Heaviside's dolphins, clicks comprising most burst-pulses appear to be a modified and clearly distinguishable version (86% classification success based only on spectral differences: Note that while detection range will depend on specific model parameters, the qualitative relationship between the detection range of NBHF and burst-pulse signals is consistent under a wide range of noise levels (including Wenz SS1 to Wenz SS6 wind-generated noise, with thermal noise constant) and source levels (covering full range of source levels measured for Heaviside's dolphins in [33] ).
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181178 figure 2d) . Most of the burst-pulses analysed (63%) contained energy beginning at approximately 50 kHz, which is an octave lower than signals reported for other NBHF species [21, 22, 28, 51] . Consequently, most of the recorded broadband signals are well within the hearing limit of killer whales (upper limit at approximately 100 kHz) [20] . This makes these signals risky to produce, especially in Namibia where killer whales are known to occur and predate on cetaceans [52] , including Heaviside's dolphins in the study area (J.-P. Roux 2016, personal communication).
One explanation for the use of lower-frequency broadband signals could be to reduce signal ambiguity by allowing conspecifics to differentiate communication signals from foraging buzzes. We addressed this theory by using a cross-validated random forest classification algorithm with feature vectors containing only ICI parameters, only spectral and temporal click parameters, or containing all parameters combined. Both burst-pulses and foraging buzzes were accurately classified (95% accuracy) by interclick intervals without including spectral and temporal click parameters, so these do not seem to be necessary for accurate discrimination of burstpulses from foraging buzzes. Rather, it seems likely that ICIs by themselves may allow animals to identify communication signals and it will be interesting to see if that is the case for other NBHF species as well.
A second, similar explanation for the use of lowerfrequency broadband signals is to increase signal complexity in the repertoire, thus allowing for encoding a greater variety of messages. Repertoire complexity could be augmented either by producing non-NBHF communication signals at repetition rates that are also used for foraging signals, or by composing communication signals with different click types. However, we see only little evidence for either of these explanations: burst-pulses were composed predominantly of lower-frequency clicks, with no evidence of burst-pulses composed of different click types, and with repetition rates consistently higher than for other signal types such as click trains or foraging buzzes. However, the lowerfrequency cut-off did vary between burst-pulses, and it is unclear how much of this is due to off-axis distortion [46, 53] or could be used to encode information.
Finally, a third possible explanation for the use of these signals is that the lower frequency helps to increase the detection range and thus favours signal detection for nearby conspecifics. High-frequency signals suffer from increased sound absorption as they propagate through water, and thus attenuate faster than lower frequencies [7] . By reducing the predominant frequency, signals will suffer less frequencydependent absorption and thus travel farther underwater [51] . At the same time, both transmission directivity and receiving directivity will be lower (figure 3a), and thus energy will be more equally distributed around the vocalizing animal [47, 54] . The modelled detection ranges of NBHF and burst-pulse signals support this hypothesis and show that significant improvements in detection range are possible by switching to lower-frequency burst-pulse signals, especially for receivers that are oriented away from or located outside the centre of the sound beam (figure 3b). The relative change in active space is driven mostly by the change in sound radiation and partly by a lower sound absorption and thus is relatively independent of the actual source level and the absolute detection range of the animal (figure 3c). Since the noise at NBHF signal frequencies is primarily thermal noise, increasing wind-generated ambient noise decreases the potential gain in active space, but active space remains higher for burst-pulse signals across the entire range of modelled noise levels from Wenz Sea State 1 through Wenz Sea State 6 conditions (figure 3c). Furthermore, the change in active space may be greater if animals simultaneously change transmission aperture through manipulations of air sacs or soft tissue structures, such as suggested for echolocating delphinids [46] or harbour porpoises emitting foraging buzzes [55] . Thus, the most likely reason for Heaviside's dolphins to use risky, lower-frequency broadband signals is to circumvent the restrictions in communicating with a short-range, highly directional NBHF signal imposed by shifting their biosonar above the hearing range of killer whales. The estimated increase in active space achieved by the lower-frequency broadband signals is still far less than could be achieved by using whistles [26] , thus this secondary click type represents a compromise between remaining acoustically cryptic (especially when foraging) and possessing the ability to communicate over a greater range when necessary.
It is possible that other NBHF species may take advantage of selectively increasing their active space. Neonatal phocoenids have been reported to produce pulsed signals with a strong low-frequency (approx. 1 -3 kHz) content just after birth and begin to exclusively produce NBHF clicks between four [56] and 20 [57] days postnatal. It is not yet understood if this is related to morphological changes or learned call behaviour. Regardless, calves' ability to produce lowerfrequency signals with greater active space may be useful for mother -offspring cohesion during the first days of life. Additionally, sporadic broadband clicks and low-frequency (4-16 kHz) whistle sounds have been recorded in the presence of mother and calf pairs of Commerson's dolphins (C. commersonii) [58] . Thus, we should not unequivocally dismiss the possibility of finding lower-frequency communication signals in species that are considered acoustically cryptic NBHF species.
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